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INVESTIGATION OF TWO-STAGE COUNTERROTATIRG COMPRESSOR 

dc I11 - DESIGN O F  SECOND-STAGE ROTOR AJXD P- OVER-AL;L PERFORMamcE 

By Ward W. Wilcox and Linwood C. Wright 

SUMMARY 

In an investigation of the performance of a two-stage  counterrotating 
compressor, an  over-all  average  pressure  ratio of 4.3 was obtained with 

second per  square  foot of f ron ta l  ares w i t h  an adiabatic efficiency of 
- both rotors a t  design  speed a t  a specif ic  weight flow of 27.2 pounds per 

0.75 
Y 

Preliminary tests Fndicate that a weight-flow  mismatching exists 
between the two rotors, which causes  the first-stage rotor  to  operate at 
less than peak efficiency at design  speed. A t  lower  speeds, t h e  first 
stage  operated in the stall region fixed by single-stage tests. With the 
second rotor  installed,  no periodic  rotating stall was observed,  although 
random f luctuatians of similar magnitude w e r e  noted. 

The design and over-all performance of t he  first stage of a two- 
stage  counterrotating compressor are reported in reference 1. As painted 
out i n  reference 2, this ro tor  w a s  a highly loaded  transonic blade row. 
The second-stage rotor  has character is t ics  unique ta counterrotation that 
must be  accounted f o r  in its design. Although the second-stage rotor  has 
inlet re la t ive  M ~ c h  nunibers in the high supersonic  region, i t s  actual t i p  
speed is fairly low and the equivalent t i p  speed  even  lower  because of 

. energy  addition i n  the f i r s t  mto r .  High inlet re la t ive  Mach numbers and 
high air-flow  angles are inherent in the design of this counterrotating 
stage.   In  addition,  supersonic  rotors  characterist ically have a narrow 
operating range, so that close matching with the f irst  stage i s  required 
f o r  optimum performance. 

" This  report outlines the  design  procedure used for the second-stage 
supersonic  compressor rotor  and includes the r e su l t s  of preliminary tests 
on the  stages i n  cbmbination. 
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SYMBOLS 

frontal area of f i rs t  rotor, eq f t  

speed of sound 

annulus height 

specific heat a t  constant  pressure 

force term 

acceleration due to  gravity, 32.17 ft /sec 

total enthalpy 

Mach number 

2 

Ms - Mp 
rotational speed, r p m  

number of  blades 

ketal pressure 

static  pressure 

gas  constant, 1716 f t - lb / (  slug) (OR) 

radius,  in. 

entropy 

t o t a l  temperature, OR 

stream ( s t a t i c )  temperature, R 

velocity,   f t /sec 

weight flow  through  annulus  bordered by r t  and r, lb/sec 

total wei@;ht flow, lb/sec 

axial distance, in. 
air angle,  angle between air velocity and axial direction, deg 

0 

c 
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Y ratio of specific  heats 

8 r a t i o  of inlet   preseure t o  NaCA standard  sea-level  pressure 

r; weight-f low correction  parameter 

% 
d 
P 

. 

'lad 
8 angular coordinate 

adiabatic  efficiency 

3 

e ratio of inlet  temperature t o  NACA standard  sea-level  temperature 

X blade  angle,  angle between tangent t o  blade mean camber l i ne  and 

of 518.7' R 

axial   direction, deg 

P stream  (static)  density 

=z solidity,  r a t i o  of axial length t o  spacing 
7 thickness normal t o  mean line, in. 
7 e thickness normal to   axis ,  in. 

a angular velocity,  radians/ aec 

Subscripts: 

a stagnation  conditions 

corr  corrected 

h hub 

int   in tegrated 

n,n+l radial stations, n at  t i p  

0 o r ig ina l  

P pressure  surface 

r radial 

S suction surf ace 
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t o t   t o t a l  

X station  along  axis 
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z axial 

e tangential 

0 compressor inlet 

1 f i r s t - ro to r   i n l e t  

2 f i r s t - ro tor   ou t le t  

2a second-rotor inlet 

3 second-rotor  outlet 

Superscripts: 

1 re la t ive   to   ro tor  

- average 

E 

i 

" 

DESIGN OF SECOND-STAGE ROTOR 

Over-All  Conditions 

In i t ia l ly ,  a pressure  ratio of about 5 a t  a specific  equivalent 
weight flow of 30 pounds per second per  square  foot of f ron ta l  are& wa8 
chosen as the design goal  for the counterrotating compressor. n o m  tur- 
bine  consideratims 8 work s p l i t  of 1 t o  2 f o r  f i rs t  and second stages, 
respectively, was selected. Because angular  speed of the two rotors wae 
maintained  equal,  the actual design t i p  speed fo r  t h e  smaller-diameter 
second rotor was 1198 f e e t  p e r  second compared with 1260 feet per second 
for   the  f i rs t -s tage rotor. Also, because of the temperature r ise from 
t h e  f i rs t  rotor the equivalent (based on second-stage  inlet)  tip speed of 
the second rotor W&S 1075 feet per  second. Design pressure r a t i o   f o r  the 
second stage was 2.63, and average  efficiency was assumed t o  be 0.85. 

Rotor-Inlet  Conditions P 

Design inlet  conditions  for  the  second-stage  rotor were determined by 
the interrotor  design  calculation  outlined Fn appendix B of reference 1. 
This calculation  established the design  conditions a t  the out le t  of the 
first stage and also accounted fo r  the changes i n   t h e  EUXIU~US between 
rotors. Flow conditions were found at the  three axial stat ions A, B, and 
C shown in the  sketch of f igure 1. To avoid  choking in the  convergiq 

- 
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c annulus, the distance between &tors  w a s  kept small, i n  this case 3/4 
inch a t  the hub. Ekact design flow  conditions at the rotor  leading edge 
were  found by interpolation between s ta t ions B and C of figure 1. In the  
radial direction, a l l  parameters were plotted against percent w e i g h t  flow 
from the outer casing, 100-percent w e i g h t  flow set t ing the  i n l e t  hub 
radius. The important  design  parameters  for the vector diagrams of both 

% rotors  are given i n  table I f o r  the hub-, mean-, and t ip-radius elements 
* (100, 50, and 0% flow, respectively) . rt 

Outline of Design Method 

To fix the  exact  design of the second-stage  rotor, the out le t  them- 
dynamic condition6 were f i rs t  established at the desired  level. Next, the 
over-all   total-pressure  ratio was divided  by the first-stage  pressure 
r a t i o   t o  determine the required  contribution of the second stage. These 
parameters were assumed to  be  direct   functions of weight  flow from the 

l e t  hub radius and the radii  at various  streamlines, as designated  by  per- 
cent mass flow, a radial ly  stepwise solution of the  equation of motion 

continuity  equation, also yielded the out le t   veloci ty  components. A n  
arbitrary hub shape satisfying the known slope and radius a t  inlet and 
out le t  was .then  assigned. The meas-radius blade camber l i ne  w a s  deter- 
mined from blade-loding  considerations, as was the thickness. The thick- 
ness  perpendicular t o  the ax i s  of rotat ion was held constant w i t h  
radius, and separate caniber l ines   for  hub and t i p  w e r e  determined to   s a t -  
i s f y  M e t  and out le t  diagrams. In addition, a correction was appl ied  to  
blade thickness a t  a l l  radii  t o  account f o r  the overestimation  of pV 
occurring w h e n  average Mach numbers are new unity. Details of the 
design  procedure  follow. 

" outer  casing and implicit functions of the radius. To determine the out- 

" and the energy  equation was used. These equations,  together  with  the 

Details of Second-Stage  Rotor  Design 

Over-all thermodynam€c conditions. - The radial variation of over- 
all pressure r a t i o  shown in figure 2(a) was assumed. -om t h i s  assumed 
pressure  ra t io  and the design first-s&ge  pressure  ratio,  the second-stage 
pressure  ra t io   ( f ig .   2(b))  was determined. In addition, the second-stage 
radial variation of efficiency shown i n  figure 2(b) was also assumed, with 
an average  value of about 0.85. The individual element eff ic iencies  were 
maintained a t  o r  below the efficiency  corresponding t o  normal-shock 
losses at the inlet re la t ive  Mach number. I 

- The temperature-rise  ratio  across the second stage i s  given as 
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where T2 = 645' R. Then the entropy  increase 

& = R h  
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and the corresponding  absolute  tangential  velocity a t  the t i p  is 

Rotor-exit diagrams and hub radius. - With the thermodynamic changes 
across the second rotor  fully determined  as  functions of percent weight 
flow from the  t ip ,  it was necessary t o  determine  the  required  blade ahape, 
hub exit radiue, and hub contour. The first step requires the determina- c 

t i on  of rotor-exit  flow  velocity  diagrams and the radius at wbich each 
would exist.  This  can be done through  stepwise  solution inward along the 
rotor-exit blade span  of the radial component of the equation of mtion  
(ref.  3). Given i n  complete  form f o r  nonviscous flow, t h i s  equation is 

I 

If the  inner and outer walls behind the rotor  are assumed t o  be 
para l le l   to   the  axis, so tha t  the radial   velocity components may be as- 
sumed t o  be  essentially  zero, equation (4 ) ,  when applied  outside  the 
rotor  where.the  force t e r m  $Fr = 0, may be written 

The solution of equation (5) may be carrled  out  with a eatisfactory  degree 
of accuracy after the  desired degree of t ip   d i f fus ion   ie   f ixed .  For the 
current  design, a relative  blade-exit Mach nuiber a t  the t i p  MA of 0.80 
was selected. The corresponding inlet re la t ive  Mach nuniber 
t i p  i s  known from the inlet velocity  diagrams. The blade rela s ive at stag- the 
nation  conditions may then be found; and, from the assumed blade  relative 
Mach number, rotat ional  speed, and absolute tangential velocity Ve,3 at  
the second-rotor ex i t  (from work input), the components of re la t ive  and 
absolute  velocity nay be found. The stream conditions a t  the   t ip  may 
then be computed in  their   ent i re ty .  v 

If a small portion w (20% i n  this case) of the t o t a l  weight flow i s  
selected  corresponding t o  the flow through the small annulus bordered by 
the   t ip   rad ius  and an adjacent  radius a small distance inward &, the 
following continuity  expression i s  approximately satisfied: 
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If F = ( rn  + rn+1)/2 and &c = rn - rn+l, the  next radius is closely 
approximted  by  equation (6) as follows: 

Once rntl and the corresponding  increment of weight flow are known, 
( rVe) at that point may be found for the previously  fixed work input as 
a function of w, using t h e  following form of the energy  equation: 

a 
where the subscript 2a refers to  conditions at the second-rotor inlet 
a t  the corresponding  increment of w e i g h t  flow. 

" A l l  the   quant i t ies  on the right side of equation (5) will be known 
at  points n ( t ip )  and n+l, since H and S are given  functions of w 
a t  blade exit. Thus, the par t ia l   der ivat ives  wlth respec t   to  r can now 
be approximated as follows.  For small Ar, 

as AS 
=-E 

a(rve> c1 d r V e >  ar- Ar J 
av, AV, 

Then -" - and V, a t  n+l are readi ly  found and the velocity 
diagram  can be completed. (It should be noted here that the entropy  and 
enthalpy referred t o  in eq. (5) are the  total.  values  contributed by both 
the  f irst  and second s t a g e s . )  

ar LW 

A source of inaccuracy in this procedure arises from use of the t i p  
conditions in  computing r at  s ta t ion  n+l (in eq. ( 6 4 )  rather than 

may be reduced either by  using smaller increments o r  by  using the first 
value of rn+l as a first Fpprox-tion and repeating the calculat ion  to  

the t i p  incremental  weight  flow i n  terms of r has  been  used t o  avoid 
i te ra t ion   ( re f .  4 ) .  Whichever procedure is used, it may be continued 
stepwise along the radius until the  percent w e i g h t  flow w equals the 
design  value wtot and the corresponding rotor  hub radius at  the exit 
i s  determined. 

c the mre appropriate  average t i p  annulus  conditions. This inaccuracy 

- get  a second value of r and n+l. On occasions a Taylor  expansion fo r  



8 NACA RM E56G30a 

Rotor hub surface. - The rotor hub surface,  while  not  yet  entirely - 
fixed, has four conditions  specified, namely, the inlet and ex i t  radii 
and the hub slope (dr/dz = Vr/Vz) a t  each of these  positions. !The follow- 
ing  third-degree  polynomiaal a t isfying  these  condi t ions was therefore 
arbi t rar i ly   specif ied  to   def ine  the hub contour,  starting a t  z = 0 Fn 
f igure 1: 

r = -13.6083~~ + 4.7028~~ + 0.2002 + 0.427 (9) 

Blade Camber l ine .  - While there are available  procedures  less  ap- 
proximate  than the present one ( e  .g., matrix, relaxation,  or stream- 
filament) whereby the hub contour and blade shape of rotors of this type 
may be computed, the time required and the  necessity  for several lengthy 
i te ra t ions  eliminated these  procedures f r o m  cansideration. The blade 
design method u t i l i zed  herein, while  requiring some reiteration, was 
relatively  straightforward and could be cwried  out  quickly. The method 
i s  basically that of reference 5. The blade mean section (on mean-radius 
surface  of  revolution) was designed on the bas is  of the mean in l e t  and 
exit velocity diagrams, the hub-tip  average  entropy increase, and the work 
input across the rotor.  The blade hub- and tip-section wan canher l inea 
were then  specified as second-degree  curves that satisfied the inlet and 
exit blade angles fixed by these velocity diagrams plus zero rates of 
change of x '  at the   ex i t .  (The latter condition was imposed from con- 
sideration of unloading  characteristics.) For the  relatively  high  solidity 
used (20 blades),  incidence  and  deviation  angles w e r e  assumed t o  be zero. 
The mean-section distribution OP tangential  thicknees was later applied 
to   t he  hub and t i p  meanlines. A layout of the blade mean section, ex- 
plaining the nomenclature  used, i s  given in figure 3. 

L 

I 

The blade physical  characteristics t o  be  determined for   the  mean 
radius were the blade  angle x '  (except at the  leading and t r a i l i ng  edge) 
and the thickness  distribution 1; or  7 8 .  These characterist ics are 
then to  be  adjusted  to  satisfy  continuity through  control of the passage 
area and density  (density i s  a function  of  enthalpy r i s e  and the  turning 
angle). A linear variation in entropy from the inlet to   t he  exit value 
was assumed in  computing p.  Because knowledge of the pressure- and 
suction-surface  pressures  (or  velocities)  allows  the best estimation of 
loss characterist ics,   the blade computations were in i t ia ted  by specifica- 
t ion  of the  blade  fnmn-sectlon  loading  (pressure- and suction-surface 
static  pressures) . The static-pressure  difference Ape across  the  pas- 
sage was then fixed, which determined also the mean stat ic   pressure  for  
the  assumption af  a linear pressure  variation from suction  to  pressure 
surface. The Fnitial assumed loading is given by the solid line in  
figure 4.  

On the basis of the assumed loading, a sol idi ty  term uz (defined 
as t he   r a t io  of ax ia l  depth of the  blade  to  blade  spachg)  required  to 
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c give  the  fixed t o t a l  work input m y  be found from a stepwiee  solution to  
the  following  eqwtion  derived  in  referenck 6: 

cu 
I 
8 

Now from definition, uz = zb t / (2 f i /n )  a d  the  rider of blades n 
may be immediately  determined. If n is unreasonably  large or small o r  
does  not  approximate an integer,  the  loading diagrams may be altered 
systematically and quickly  unti l  the desired m&er of blades n results. 
The equation f o r  uz may now be  applied  stepwise between the inlet and 
the successive  station along z with the subscript x replacing 3 and 
(z/zx) replacing z/z*t = 1.0 on the integral. In t h i s  manner Ve is 
found  corresponding t o  the final loading. The computations may  now pro- 
ceed d i r ec t ly   t o  completion through the use of the following thermodynamic 
relat ions f o r  perfect gases and the tzigonometric re lat ions between the 
velocity components: 

- 

The blade meanline orientation in cylindricai  coordinates  my now be 
computed from the var ia t ion in x' with the following relations:  

The blade mean caniber line i s  thus  defined by the  three  coordinates 
z, r, and 8 .  
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Correction  of..velocitfes  near  sonic. - The tentative  blade  thickness a 

?; was obtained from the following form of the continuity  equation: 

There i s  st i l l ,  however, a souce  of error of indeterminate  significance 
involved i n  the use of the mean axial velocity Vz i n  the equation. The 
actual weight-flow  capacity of a blade  passage of given small span is 
given by the  integrated  value of pV, across  the  passage. The Mach num- 
ber range between the  suction and pressure  force is often of a level 
wherein E"r, z- 1.0 and $ 1.0. Under these conditions the mean  Mach 
number  may approach 1.0, leading to  significant  overestimation of the 
passage flow capacity. The following procedure, which for  simplicity 
assumed a linear variation of re la t ive  Mach  nuniber (instead of pressure) 
across the passage, i s  used in  correcting  the blade thickness  for  errors 
i n  flow capacity. The r a t io  of the  actual weight flow t o  the maximum 
possible i s  obtained by integrating pV/paaa across the passage. The 
resulting  expression is 

+P - !ii 

L 

- -2 16 1 .o 
t a i n t  - F[(l.0+0.20 l$+0.40 M@M+0.20 AM2)2 

(16) 

where AM = M s  - q. 
The r a t io  pV/paaa i s  also  obtained for the mean passage Mach num- 

bers (% f Ms)/2. The r a t io  of the  weight  flow  actually  passed to   t ha t  
computed from the mean Mach  number is then given by the  expression 

The blade  thickness To i n  the tangential 
f O l l O W 6 :  

r 
7 = T  B,corr 8,0 - P * O  - 

direction i s  now corrected as 

To be  consistent with previous  assumptions, a linear cross-passage varia- 
t i on  of s ta t ic   pressure rather than Mach number should be used in comput- 
ing 5 .  However, a lengthy series expansion i s  required in  order t o  

.. 
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integrate   the resulting expression,  leading t o  values hsrdly more accurate 
than  the  lFnear Mach number assumption. A final loading f o r  the modified- 
thickness  blades is given by the dashed &e of f igure 4. 

The test r i g  used in the performance evaluation was constructed 
especial ly   for  this series of t e s t s  and is described fully i n  reference 1. 
The setup i s  shown schematically i n  figure 5. Instrumentation  stations 
shown in  f igure 5 me basically the  same as for the single-stage tests, 
w i t h  the  addition of a survey station 1 inch  behind  the second rotor  
( s ta t ion  3) . It was impossible t o  munt s t a t i c   t aps  on the  inner wall at 
s ta t ion  2 between ro tors   for  these tests without  resorting to  rotat ing 
pressure seals o r  some similar device. Also, there was insufficient room 
between ro tors  f o r  a conventional  static-pressure  probe.  Static  pressures 
at s ta t ion  2 w e r e  faired in  from the outer-wall  readings  similarly t o  the 
method used t o  determine the   p rof i les  in  single-stage tests. 

A photograph of the  instruments used for   these tests is  given i n  
f igure  6. The combination  probes were different  from those used in the  
single-stage tests, havfng the  iron-constantan thermocouple and t o t a l -  
pressure  probe enclosed w i t h  a central  shield. This thermocouple was 
l ess   sens i t ive   to  radial-flow components than the bare-wire ty-pe used 
previously. 

The second-stage  rotor, which had 20 blades, is shown i n  the photo- 
graph of figure 7. 

For a l l  speed  conibinations, the speed of the rotor  was based on the  
inlet temperature a t  s ta t ion  0. All speeds are presented in percentage 
of the design  equivalent  rotational  sped R/@, ~ i c h  was 18,050 rpm 
f o r  each rotor .  Speed  changes w e r e  made w i t h  the ou t l e t   t h ro t t l e s   fu l ly  
open to  the  laboratory exhaust system. 

After test points w e r e  obtained at the open-throttle  position, the' 
butterfly  valves a t  the  col lector   out le ts  w e r e  closed  gradually until 
shock waves formed i n  the diverging annulus behind the second rotor.  
Slight additional  thrott l ing  forced the shock up onto the straight  amu- 
l u s  and in to   the   ro tor  a t  low speeds. A t  high speeds it was not  possible 
t o   s t a b i l i z e  the shock in  the rotor .  

d 

- 
In these tests a refinement of operating  technique was used with 

good results. When axial Mach nundbers are c lose   t o  sonic,  the immersion 
of survey  probes  often  affects the location of the normal-shock wave by 
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changing the flow area. For these tests all instruments were duplicated L 

and  operated in  pairs,  with one survey  starting a t  the inner w a l l  and 
working  outward  and the 
ward. In this way, the  
constant a t  a l l  times. 

The characterist ic 

other starting: at the  outer wall and mvhg in- 
total frontal  area of the instruments was kept 

P 
P co 
u) 

RESULTS AplD DISCUSSION 

Over -Al l  Perfarmnce 

map of the over-all performance of the two  coun- 
terrotat ing  rotors  at the same speed is given in  figure 8. The peak 
design-speed  pressure r a t i o  was 4.3, obtained a t  a specific  equivalent 
weight flow of 27.2. From th i s  map it i s  apparent that the  operating 
range a t  each t i p  speed i s  very  limited. A t  the lower  speeds some range 
of  w e i g h t  flow  exists, and it is possible  to  apply back pressure t o  the 
second rotor  by thro t t l ing   ou t le t  flow without  forcing the operation  Fnto - 
surge. A t  high  speed,  back  pressure may be  applied up to   the  point  where 
a shock i s  stabil-ed i n  the anndus at the rear of the rotor; but ,  when 
an a t teqt  is made to  force  the shock inside,  the  unit i s  thrown into 
surge. As a resu l t  of t h i s  behavior, the over-all performance has the 
characterist ic that weight f l o w  is v i r tua l ly  unique w i t h  speed, and a 
single  rotor  operating  point i s  found. 

I 

When the speed r a t i o  between spools i s  varied, the characterist ic 
maps  shown in figure 9 resul t .  When these maps are superimposed on f i g -  
ure 8, the curves  overlap as shown i n  figure 9 ( f ) .  Thus, it i s  possible 
t o  reach the same pressure  ratio and  weight flow by a variety of conibim- 
t ions of rotor speed. A t  high speed, however, it is  not  possible  to  reach 
a dif'ferent  weight  flow at a given  pressure  ratio by chargin@; speeds. 

The over-all adiabatic  efficiency  corresponding t o  the characterist ic 
maps just  discussed i s  given i n  figure 10. The best  adiabatic  efficiency 
obtained was 0.75. When both  rotors  are at equal speeds, the efficiency 
is  fairly low but  quite uniform with speed. For the unequal combinations 
of speed, again  the  curves  coincide with the  equal-spool  speeds  over most 
of the  veight-flow and speed  range. 

Matching of Rotors 

The operation 09 the f i rs t -s tage  rotor  when the second r o t o r   i e  . 

instal led i s  shown in  figure 11. The sol id  lines o f  this figure  present 
the  standard  characteristic map of  the f i r s t  stage as determined in   the  
t e s t s  of reference 1, the heavier line representing  the stall-limit line 
as determined i n  these tests. At equal ro tor  speed8 of the two-stage 
configuration the maximum flow  (dash-dot l i ne  and solid symbols) i s  In 

.. 
- "" .. 
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* the  previously  determfned stall region of the f i r s t - s tage  ro to r  at most 
speeds. Under these  conditions, however, the stall instrumentation did 
not  exhibit a periodic stall; instead, a random fluctuation of similar 
magnitude was found behind the second rotor. - 

cn Because each rotor  was driven by its own motor and  gearbox, it was cu 
rl 
4 possible t o  obtain a wide variety of speed co&inations. There was no 

point i n  operating  the first rotor at speeds higher  than  the second, 
because this  forced  the f irst  rotor far ther  in to   the   s ta l l   reg ion ,  as 
shown by the  point i n  figure ll f o r  8CLpercent f i r s t - ro to r  speed and 70- 
percent  second-rotor  qeed. When the f f rs t -s tage speed was held  constant 
and the  second-stage  speed was  increased, the inlet equivalent w e i g h t  f low 
increased, mving the first-stage operation  out of stall. By increasing 
the  second-stage  speed t o  100 percent  Hith the first stage a t  SO percent, 
and then  scceleratFng the first stage t o  100 percent, it m s  possible  to 
circumvent the stall region  entirely.  There w a s  no apparent  difference 
i n  performance a t  design speed  due t o  the method of approaching the 
operating  point. - 

a Another f a c t  brought  out  by  figure 11 i s  the mismatching of weight- 
flaw capacity between rotors  at design speed. The low maximum weight- 
flow capacity of the second rotor  a t  design speed forces the first rotor 
t o  operate at the  surge  point, w h e r e  efficiency i s  less than optimum. 
A t  lower  speeds the operating  points are even far ther  from the peak- 
efficiency  point. The w e i g h t  flow of 27.2 pounds per second per  square 
foot  f ronta l  area, obtained  with  both  rotors at  design speed, is consider- 
ably below the value of 29.2 pounds where peak efficiency of the  f irst  
stage  occurred. A s h i f t  of the design-speed match point to 29.2 pounds 
per second per square foot would probably  allow  operation  out of the  
stall region at  a l l  speeds,  although  first-stage  efficiency would be low. 

Static-Pressure  Profiles on Outer Casing 

Fi rs t   ro tor  a t  50-percent  design  speed. - In f igure =(a) the   r a t io  
of stat ic   pressure a t  the outer  casing t o  the t o t a l  pressure a t  s ta t ion  
0 is  plotted as a function of axial distance. The locations of the lead- 
ing  edges and t r a i l i ng  edges of both  rotors, as w e l l  a8 the  instrument 
stations, are identified on t he  figure. Static-pressure  profiles are 
presented f o r  open-throttle o r  choke points where the speed of the first 
rotor i s  held  constant and the speed of the  second rotor  is varied. The 
equivalent w e i g h t  flow a t  the entrance t o  both  rotors is given in the 
f igure key. 

A s  might be expected, the static-pressure  profile over t he  first 
rotor shows only the  change associated w i t h  varying  the  weight flow over 
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a f a i r l y  wide range. With the f i r s t  rotor a t  50-percent speed, the  
static-pressure rise i s  rather small but  does show the .type of operation 
characterist ic of th ro t t led  f low shown in reference 1. Between the rotors, 
the  static  pressure. .  is relat ively uniform, the  slight  decrease  resulting 
from the small convergence of area. . .. 

A t  the second rotor,  the static  pressure  increases  sharply,  indicat- 
ing the  presence d a shock configuration at the  channel  entrance. This 
shock i s  skewed w i t h  respect  to  the axis of rotation;  otherwise,  the 
pressure would be more abrupt. As the  second-rotor t i p  speed i s  increased, 
the   in le t   re la t ive  Mach number is increased  and  the  static  pressure rises 
accordingly. A t  the  open-throttle  position the relative  flow  accelerates 
in  the rear of the  rotor,  causing the drop in   s ta t ic   p ressure  shown. The 
second rotor  was followed by a 4-inch-long straight  annulus. As shown 
i n  the key, the  equivalent weight flow into  the second rotor  increases 
with  second-rotor speed, indicating that the flow limitation is in the 
relative  -rather  than in the  absolute  flow. Further, the f a c t  that the 
flow can expand supersonically in   t he   r ea r  of the rotor  indicates that 
the area limitation occurs  upstream of t h i s  point. 

Both rotors  a t  design  speed. - The s a m e  ty-pe of static-pressure 
prof i le  is  given in figure  12(b)  for  operation of both  rotors a t  design 
speed. A t  open th ro t t le ,  sharp pressure r i ses   typ ica l  of an external 
shock configuration may be seen  near  the  leading edge over  both rotors.  
I n  the second rotor  the nonunieorm flow  accelerates in  the rear of the 
rotor and continues t o  expand in the  t ip  region behind the rotor until 
the  instrument  station is reached. A t  t h i s  point the presence of the 
instruments probably precipitates 8 shock. 

With the  straight  annulus, back pressure  could  be  applied  to move 
the shock forward from  measuring s ta t ion 3 f o r  a short time period. 
T h i s  operating  point was very  unsteady and resulted  in  surge as soon as 
the survey  instruments were mved. In an ef for t   to   s tab i l ize   the  flow 
in  the  vicini ty  of the measFing  station, the  inner  fairing  behind the 
second rotor was tapered 52 J s  . U n d e r  these conditions it was possible t o  
s t a b i l i z e  a shock jus t  a t  the rotor  outlet, and flow w a s  much mre stable 
a t  the measuring station. However, it was st i l l  impossible t o  force the 
shock into  the rear of the  rotor without  throwing  the  operation  into 
surge. The static-pressure  profile  obtained w i t h  the li taper .on the 
inner w a l l  and with the downstream shock stabil ized a t  the rotor   exi t  i s  
given by the solid  points.  Operation of the two rotors  was vir tual ly  
unaffected by the change, and no improvement in   over-al l  performance was 
noted. Static  pressure a t  measuring s ta t ion 3, however, was much higher 
than  for  the  original  configuration. 

0 
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Variation of Flow Area Fn Second Rotor 

15 

L 

A plot  of flaw area -inst axial distance f o r  the second rotor is 
given in figure 13. The or iginal  computed flow area i s  given  by  the 
dashed 1Fne. Unfortunately, i n   t r ans l a t ing   t he  aerodynamic design  into 
hardware, a srnsll e r ro r  i n  the hub prof i le  was made thst resulted in the 
ac tua l  area shown by the   so l id   l ine .  A l l  these areas are based on t he  
mean-line blade angle x and thus are not  really  precise.  The trends, 
however, should be  accurate. 

A compa.rison of the prof i les  of figure 12( a) w i t h  the flow areas in 
f igure 13 shows fair agreement  between the point w h e r e  the expansion of 
f low begins and the  increased area available near the   ro tor   ex i t .  &en 
if the flow area had been made according to   the   o r ig ina l  aerodynamic  de- 
sign, it is doubtful that the  design xeight flaw would have been passed, 
because the losses   in   the  first r o t a  w e r e  greater than design. No addi- 
t i o n a l  blockage  allowance was made for the  s~l la l l  losses between rotors.  
In addition, the design of the secold  rotor was optimistic in allowing 
f o r  a l inear  increase  in  entropy from rotor inlet t o  exit, when ac tua l  
losses w e r e  concentrated a t  the inlet because of shock waves. 

Radial Variation of Performance  Parameters a t  Rotor  Outlet 

In f igure 14 the radial   varfatfons of over-all   pressure  ratio,   adia- 
batic  efficiency, and energy  addition are given for two test points at 
design  speed. In addition, the design  values are given by the dashed 
l ines .  The pressure  ratio  decreases  rapidly from hub t o   t i p  and is con- 
siderably below design at a l l  radii. A t  least par t  of the discrepancy 
at  the t i p  is due t o  the poor p e r f o m n c e  of the first stage along t h i s  
element, as discussed i n  reference 1. The s a m e  observations  hold t r u e  
f o r  the adiabatic  efficiency, which decreases  rapidly toward the   t i p .  

It i s  evident  that  over-all values of energy  addition  equal t o  o r  
greater than design were attained except a t  the hub. Therefore, the 
discrepancy in pressure  ratio near t h e   t i p  i s  purely a result of exces- 
sive losses, as reflected by the  decreased  efficiency. Although the 
oaer-all energy  addition  approximates design near the   t ip ,  the influence 
of the reacceleratlon in the reaz of the second stage i s  not shown by the 
over-all  energy  addition.  Actually, as pointed  out in reference 1, the 
energy  addition near the t i p   f o r  the first  r o t o r  was considerably above 
design.  Consequently, the  second-stage  energy addition may be below 
design, with the   r e su l t  that the over-all  condition  approximates  design. 

As a result of p r e l i m i m y  tests of a two-stage  counterrotating 
compressor, the following  results may be stated: 
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1. A t  design speed f o r  both rotors, an over-al l   to tabpressure  ra t io  . 
4.3 was obtained at a apecific weight flow of 27.2 pounds per second 
square foot  of frontal   area  with an adiabatic eff iciency of 0.75. 

2. Ekcessive  losses i n  the first rotor  and an improper flow-area 
dis t r ibut ion in  the second rotor  combined t o  cause choking i n  the second 
ro tor  a t  weight flows considerably below design and below t h e   o p t i m  
operation of the first stage. 

3. Although mismatching of  weight-flow capacity between rotors  
caused the f irst  rotor   to   operate   in  the stalled  region over mst of i%s 
range of speeds, no evidence of periodic  rotating  stall-waa found a t  the 
second-rotor  outlet. 

4. It waa possible t o  operate  the second rotor  over a complete range 
of higher speeds with the first ro to r  a t  a fixed speed. Although it was 
also  poesible  to  operate  with the first rotor at speeds  higher than the 
second rotor, such operation  forced  the first rotor   far ther   into  the - 
stalled  region. 

5. A t  h u h  speeds, it was inlpossible t o  s tab i l ize  a second aho& * 

within the  rotor,   result ing  in  operation a t  a single value of equivalent 
weight flow at  a given  speed  combination. 

6. No significant  effects of the second-rotor shock configuration on 
the f irst-rotor  perf orntance were observed. 

7. Additional  second-stage area should have been  provided by use of 
a blockage  correction i n  the interrotor  annulus. 

L e w i s  Flight  Propulsion  Laboratory 
National  Advisory Committee f o r  Aeronautice 

Cleveland, Ohio, August 1, 1956 



1 

mAcA RM E56G308 17 

1. Wilcox, Ward w., and Wight, Liarood C. : Investigation of Twp-Stage 
Counterrotating Compressor. I - Design and Over-All  Performance of 
Transonic F i r s t  Conpressor Stage. XACA RM E56Cl5, 1956. 

2. Wilcox, Ward W.: An Analysis of t he   Po ten t i a l i t i e s  of a Two-Stage 
Counterrotating SLQersonic Coqressor. NACA RM E52EO1, 1952. 

3. Wu, Chung-Hua, and Wolfenstein,  Lincoln:  Application of Radial- 
Equilibrium  Condition t o  Axial-Flow  Conpressor and Turbine Design. 
HAC% Rep. 955,  1950. (Supersedes EIACA '397 1795 .) 

4. Tysl, Edward R., Klapproth, John F., and mmann, Melvin J.: Inves- 
t i ga t ion  of a Supersonic-Compressor Rotor w i t h  Turning to Axial 
Direction. I - Rotor Design 8nd Performance. NACA RM E53F23,  1953. 

5. Stanitz, John D.: Qproximte Design Method for High-Solidity  Blade 
Elements i n  Compressors and Turbines. mACa "If 2408, 1951. 

6. Klapproth, John F.: General Considerations of &ch N&er Effects on 
Compressor-Blade Design. NAGA RM E53L23a, 1954. 



F i r s t  stage 

100 

0.572 
.801 
.678 

1.045 
45.5O 

-16.65’ 
5 3 . 5 8 O  

,500 
.611 

1.243 
1.92 

50 

0 -636 
1.12 
727 

.955 
55.4O 
17 .76O 

43.8O 
.786 
.807 

1.243 
2.10 

Second stage 

0 

0 -567 
1.29 

686 
,734 

63.94’ 
44.2O 

47.l5O 
996 

.953 
1 243 
1.72 

100 50 

1.24 1.04 
1.83 
.983 

1.76 

1.13 1.13 
1.14 

61.91° 63.l5O 
11.96O 23.01O 
31.75’ 22 .ZO 

64 -81 
.84 

2.65  2.71 
1.358 1.412 

.89 

0 

0.777 
1.66 

80 

1.15 
70.36’ 
24.84O 

37 -6’ 
.95 

.95 
1.428 
2.5 

L 

tb 
P 
N 
tD 



. .. . .. 

I i i 6  5 

4 

. .  . .. . . .  . 

, (2-3 back 4129 m I 

Interrotor 

2.52" - 
First rotor 

t" 3" 
4 

1 

Second rotor 

Flgure 1. - Schemtic sketch of counterrotating  compreeeor in radial-axial plane. 
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Figure 3. - Second-rotor blade mean section and nomenclature. 
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Axial distance, z, in.  

Figure 4.  - Axial variation of blade surface velocities and blade angles. 



. . . . . . . 

1 

A t r  
inlet 4 

. .... .. . . . . . . .  . . .  

8 r 

. .. 

4129 , 
. .  

1. 

ILrhauet aol lec tor  7 

Figure 5. - Teat r& for o o u n t m t a t i n g  ocmrgressor. N w 

. ... 



. . . - . . . . . . . . . . 

..  .. . 



MACA RM E56G30a - 25 

Figure 7 .  - Second-stage rotor of counterrotating compressor. 
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Figure 8. - Over-all pe f fomnce  uf couflterrotating ccmrpressor with 
both ro tors  a t  same speed. 



. 

HACA FM E56G30a 27 

0 
.i 

a 

( c )  First-stage speed, 
BO-percent dealgn. 

4 .O 

3.6 

3.2 
22 2 4  26 

(d) FlI-St-Etage (e) F i r s t -  
speed, 90- stage 
percent design. Speed, 

design. 



. . . . . . . . . . .. 
... . . . . 

I s -9( 

ii 
.8( 

0 
TI 

.7l 

. .  

, I 

..  .. . ... 

C 



. I 4129 , 
. .  .. . .  

1 

I I I I I I I I I 
Equivalent speed, 

2.4- 5 N/ design JB, 

Figure 11. - Performance map of first-stage rotor showing operation imposed by choklng i n  second-stage rotor. 0)  
W 



12.52 10.91 
14.34 12.23 
15.28 13.19 
16.62 14.34 
17.67 15.37 
19.25 16.63 

3 4 6 7 8 9 10 u 12 13 14 
Axial distance, z, In. 
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Figure 12. - Static-pressure profiles on outer casing. 
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